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We present temperature-dependent conductivity data obtained on a sample set of nanogranular
Pt-C with finely tuned inter-grain tunnel coupling strength g. For samples in the strong-coupling
regime g > gC , characterized by a finite conductivity for T → 0, we find a logarithmic behavior
at elevated temperatures and a crossover to a
√
T -behavior at low temperatures over a wide range
of coupling strengths gC ≈ 0.25 < g ≤ 3. The experimental observation for g > 1 is in very good
agreement with recent theoretical findings on ordered granular metals in three spatial dimensions.
The results indicate a validity of the predicted universal conductivity behavior that goes beyond
the immediate range of the approach used in the theoretical derivation.
PACS numbers: 73.23.Hk, 71.30.+h, 73.63.Bd, 81.07.Bc
Nanogranular metals represent model systems for the
study of the interplay of electronic correlations, quan-
tum confinement effects and disorder. They are formed
by nanometer-sized metallic grains which are embedded
in an insulating, polarizable matrix. The intergrain cou-
pling strength g, normalized to the quantum conductance
2e2/ℏ for one spin direction, determines their electronic
properties. For g > gC metallic behavior ensues which
is characterized by a non-zero electrical conductivity for
T → 0, whereas for g < gC the granular metal becomes
insulating at low temperatures. The critical coupling
strength gC = (1/2πd) ln (EC/δ) is logarithmically de-
pendent on the ratio of the averaged Coulomb charging
energy EC of the grains and the averaged level spacing
δ within a grain at the chemical potential, see e. g. [1].
d denotes the spatial dimension. Early studies on this
material class date back to the 1970ies and 1980ies, as
has been reviewed theoretically and experimentally [2, 3].
Recently, a renewed interest in these materials can be ob-
served for several reasons. It has become clear that high-
temperature superconductors are intrinsically disordered
which is assumed to lead to a self-induced granularity of
the superfluid density [4, 5] for which also experimental
evidence has been found, e.g. in low-temperature scan-
ning tunneling spectroscopy [6]. It is speculated whether
this may be relevant with regard to the observation of the
pseudogap phenomenon [7, 8]. A similar observation has
been made for thin granular metal films which exhibit
a thickness-dependent superconductor-to-insulator tran-
sition associated with the evolution of a granular elec-
tronic density distribution [9]. Interestingly, and also as
an impetus for the work presented here, new theoreti-
cal findings for nanogranular metals in the strong inter-
grain coupling limit predict distinctively different trans-
port behaviors in a high-energy regime (kBT > gδ), dom-
inated by single-grain physics, and a low-energy regime
(kBT < gδ) which shows strong similarities to a homoge-
neously disordered metal [1, 10]. The low-energy regime
has been associated with the notion of a granular Fermi
liquid [11].
We report measurements of the temperature-
dependent electrical conductivity of a series of iden-
tically prepared nanogranular metal samples whose
inter-grain coupling strength has been subject to a
continuous tuning by electron irradiation. We have been
able to very finely tune the coupling strength to the
metallic side of the metal-insulator transition and find
clear experimental proof for the separation into a high
and low energy regime, as was theoretically predicted
[10]. We introduce a robust procedure for obtaining
the inter-grain coupling strength g from normalized
temperature-dependent conductivity data and find the
same universal temperature dependence of the conduc-
tivity going beyond the immediate validity range of the
theory (g ≫ 1) into the range gC ≈ 0.25 < g ≤ 3.
The samples were prepared by focused electron beam
induced deposition (FEBID), see e. g. [12], followed by
an additional electron beam irradiation treatment. We
employed a FEI Nova Nanolab 600 SEM with a Schottky-
type emitter. The metal-organic platinum precursor
(CH3)3CH3C5H4Pt was used and supplied close the
electron beam focal point on the substrate surface by
means of a capillary of 0.5 mm diameter. 120 nm Au/Cr
electrodes were defined on the Si(100)/SiO2 (300 nm)
substrate by UV lithography on the substrate before
use. During the FEBID process the electron beam is
rastered over the surface, dissociating the adsorbed pre-
cursor molecules and forming the nanogranular metal de-
posits consisting of Pt nanocrystallites with a diameter
of 3.2 nm ± 0.8 nm [13] embedded in a carbon matrix.
An acceleration voltage of 5 kV and a beam current of
1.6 nA were used. Under these beam conditions the metal
content amounts to 22 at% for the as-grown samples.
An in-situ measurement setup, which allows us to mea-
sure the conductance of the samples during the deposi-
tion process, was employed which allowed us to verify a
very high reproducibility and comparability of the electri-
cal properties in sample preparation [14]. Several samples
2with a thickness of 82 nm each were prepared by means
of FEBID on one substrate under identical conditions.
Following the deposition process and a waiting time to
ensure that no more precursor molecules were in the vac-
uum chamber, an electron beam irradiation treatment
without precursor gas flux was applied to the samples.
The same beam parameters as during the deposition pro-
cess were used, but the irradiation time and, respectively,
the irradiation dose was varied. This allowed us to finely
tune the samples’ conductance to the desired values with
a very large degree of controllability. Up to the corre-
sponding irradiation time, i. e. irradiation dose, the mea-
surements show similar behavior for the different sam-
ples. Further details about this approach can be found
in [15, 16].
Temperature-dependent transport measurements were
performed in the range of 1.5 K to 260 K using a
4He-cryostat equipped with a dynamic variable temper-
ature insert. For conductivity measurements Keithley
SourceMeters, Model No. 2400 and 2636A, were used
to apply a fixed bias voltage of 10 mV to the samples
resulting in an electric field of no more than 25 V/cm.
Under these bias voltage conditions the measurements on
the metallic samples were taken in the linear regime as
was checked by the current-voltage characteristics mea-
sured at the lowest temperature. Self-heating effects of
the samples could thus be excluded. The data were taken
in two-probe geometry. Contact and wiring resistances
could be neglected as was verified by independent three
and four-probe measurements.
The time between venting the SEM and mounting
the samples to the cryostat was kept as short as pos-
sible. Further measurements, such as atomic force mi-
croscopy measurements (AFM) in non-contact mode to
determine the height of the samples, and EDX mea-
surements to analyze their composition, were performed
after the temperature-dependent conductivity measure-
ments. Thereby aging effects were kept as small as pos-
sible and the uncontrolled influence of additional irradi-
ation caused by EDX before taking the transport data
was avoided.
In Fig. 1(a) we present the normalized temperature-
dependent conductivity of samples irradiated with a dose
up to 6.72 µC/µm2. Apparently, the transport behav-
ior is strongly altered by varying the irradiation dose.
As-grown samples show insulating behavior indicated
by the temperature-dependent conductivity following a
stretched exponential behavior, corresponding to corre-
lated variable range hopping [16, 17]. This is a well-
known behavior for granular metals prepared by FEBID
for different precursors [13, 18, 19]. This insulating char-
acteristics is observed for all samples exposed to doses
below about 0.32 µC/µm2. With further increase of
the irradiation dose the conductivity also increases and
the samples pass a insulator-to-metal transition. For
the sample exposed to the highest irradiation dose of
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FIG. 1. (Color online) (a) Normalized temperature-
dependent conductivity for samples irradiated with a dose up
to 6.72 µC/µm2. (b) Logarithmic derivative w = dlnσ/dlnT
for samples near the insulator-to-metal transition irradiated
witch a dose from 0.32 µC/µm2 to 0.64 µC/µm2. The sample
irradiated exposed to 0.32 µC/µm2 shows insulating behav-
ior, the other two samples tend to be metallic.
6.72 µC/µm2 the resistivity even increases with increas-
ing temperature, as would be expected for a conven-
tional metal. For the set of samples irradiated from 0
to 6.72 µC/µm2 the conductivity at room temperature
varies over three orders of magnitude ranging in absolute
values from 16 Ω−1m−1 to 1.25 · 105 Ω−1m−1.
In order to establish the transition between metallic
and insulating behavior reliably we analyzed the loga-
rithmic derivative w = dlnσ/dlnT of the conductivity
which defines a more accurate criterion to distinguish
between metallic and insulating behavior than simply
extrapolating σ(T ) to T = 0 [20]. Metallic behavior
leads to a vanishing w for approaching T = 0, insulat-
ing behavior instead is indicated by a constant or diver-
gent value for w. In Fig. 1(b) the logarithmic derivative
is shown for three samples irradiated with doses in the
range 0.32 µC/µm2 to 0.64 µC/µm2. w diverges for the
sample with 0.32 µC/µm2, indicating its still insulating
behavior. For samples exposed to a larger dose w tends
to 0 for T → 0, so they are metallic. We will now focus on
the metallic samples exposed to doses ≥ 0.48 µC/µm2.
In Fig. 2(a) the logarithmic temperature dependence
of the normalized conductivity is plotted for metallic
samples irradiated with a dose from 0.48 µC/µm2 to
2.72 µC/µm2. This transport behavior is observable
starting from about 6 K to 18 K, depending on the
sample, up to 260 K, the highest temperature measured
with our setup. In Fig. 2(b) we show the same data vs.√
T and find linear behavior from the lowest temperature
measured (1.5 K) up to a temperature of 10 K to 25 K
depending on the sample. We exclude the sample irradi-
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FIG. 2. (Color online) (a) Logarithmic and (b) square-root
temperature behavior for samples irradiated with a dose in
the range from 0.48 µC/µm2 to 2.72 µC/µm2. The data
sets are represented by the solid lines with the equally spaced
symbols provided for ease of discrimination.
ated with 6.72 µC/µm2 from the following analysis be-
cause of its positive temperature coefficient of resistance
which clearly indicates that the percolation threshold has
already been passed for this sample.
We now turn to discussing possible reasons for these
observations. Beloborodov et al. proposed a theory of
ordered granular metals in the metallic, i. e. the strong
inter-grain coupling regime [10]. Two distinct transport
regimes are predicted which lead to corrections to the
diffusive intra-grain conductivity σ0 in the following way:
σ = σ0 + δσ1 + δσ2 . (1)
δσ1 represents the correction in a high energy regime
(kBT > gδ) which is dominated by the granular struc-
ture and incoherent tunneling processes. δσ2 stands for
the correction in a low energy regime (kBT < gδ) in
which coherent electron motion is established. The low
energy regime shows similarities to homogeneously disor-
dered metals and has been associated with the notion of
a granular Fermi liquid [11]. The temperature-dependent
corrections in leading order are as follows [10]
δσ1
σ0
= − 1
6πg
ln
[
gEC
max(kBT, gδ)
]
(2)
and
δσ2
σ0
=
1.83
12π2g
√
kBT
gδ
. (3)
assuming d = 3 in the present case.
First experimental indications of a logarithmic tem-
perature correction of the conductivity was reported by
Rotkina et al. for one platinum-containing sample pre-
pared by FEBID which had been subjected to an ad-
ditional heat treatment [21]. This behavior was tenta-
tively attributed to the high energy regime and the first
correction term. Our samples show both, a logarithmic
temperature dependence and also a crossover behavior to
a distinctly different low-temperature behavior which is
following a
√
T -dependence within the limited tempera-
ture range T > 1.5 K available in our setup.
For further analysis it is mandatory to quantify the
inter-grain coupling strength g for our sample set for the
following reason. The theoretically predicted behavior in
the temperature regime kBT > gδ stems from the renor-
malization of the tunnel coupling g caused by Coulomb
correlations. Perturbation theory in 1/g generalized by a
renormalization group approach has been used to cover
the range g ≫ 1 [10]. Here we use the data that follow
a lnT behavior to derive g in the following way. Ac-
cording to Eq. 2 for d = 3 the normalized conductivity
σ(T )/σ(Tn) (Tn = 260 K here) follows a linear behavior
σ(T )
σ(Tn)
= a+m lnT [K] (4)
After some simple algebra and using our experimentally
determined values for a and m taken from Fig. 2(a) the
following condition can be derived
2πdg = a/m+ ln [(gEC/kB)[K]] (5)
This condition equation depends only weakly on the
magnitude of the Coulomb charging energy which we
can estimate from the grain size of our samples. The
averaged grain size D amounts to 3.2 nm, as deter-
mined by transmission electron microscopy for as-grown
samples [13], and we take into account an approximate
size increase of 20 % caused by the electron irradiation
treatment [16]. This leads to an average grain diam-
eter of 3.9 nm which results in a charging energy of
EC/kB = e
2/2kBC = e
2/8kBπǫ0ǫrD ≈ 430 K with a
relative permittivity of ǫr = 5. Since neither D nor ǫr
are exactly known we have to allow for a range of pos-
sible EC values. This uncertainty does only cause very
weak changes in the deduced coupling strength as can
be seen in Fig. 3 which shows the left part, denoted as
f1(g), and right part, denoted as f2(g), of Eq. 5 for the
samples in the strong inter-grain coupling regime. The
fit parameters a and m referring to the logarithmic tem-
perature dependence shown in Fig. 2(a) have been used.
The intersection points give the inter-grain tunnel cou-
pling strength g for each sample.
Apparently, only the sample exposed to the largest
dose of 2.72 µC/cm2 having g ≈ 3 is in the strong-
coupling regime within the immediate validity range of
the theory [10]. The estimated average level spacing
δ = 1/(V · Nf) amounts to 2.8 K, with V as the vol-
ume of an individual grain of diameter 3.9 nm and
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FIG. 3. (Color online) Plot of left and right part of Eq. 5
denoted as f1(g) and f2(g), respectively. The intersection
point provides the inter-grain coupling strength for the re-
spective nanogranular metal. The insensitivity of the derived
values for g is exemplarily shown for the sample exposed to
the largest dose assuming two very different values for the
Coulomb charging energy as indicated.
Nf ≈ 2/(eV · atom) [22] the density of states at the
Fermi level. Using this and the coupling strength g = 3
we obtain T ∗ = 8.4 K as crossover temperature between
the high- and low-temperature regime. This is in good
correspondence with the observed crossover temperature
taken from the respective fits in Fig. 2(a) and (b) which
amounts to about 10 K.
For the other samples it can be stated that these also
fall onto the metallic side of the insulator-to-metal tran-
sition since gC ≈ 0.25. Apparently, the logarithmic tem-
perature dependence and crossover behavior at low tem-
peratures is a robust and universal feature over a large
range of coupling strength reaching well below the ex-
pected validity range of the theory. It remains to be
seen whether the aspect of disorder, mainly caused by
the inter-grain distance distribution, does help to sta-
bilize the metallic regime against the correlation effects
which favor localization of the electrons.
In conclusion, we have presented experimental evi-
dence for a universal low-temperature behavior of the
electrical conductivity of a three-dimensional nanogran-
ular metal in the strong inter-grain coupling regime. This
has become possible by introducing a new approach for
tuning the inter-grain coupling strength employing an
electron irradiation treatment under continuous moni-
toring of the sample conductance. We find the theo-
retically predicted logarithmic temperature dependence
of the conductivity at high temperatures followed by a
crossover behavior to coherent electron motion at low
temperature, as indicated by a
√
T -behavior. Our re-
sults suggest that the theoretically predicted behavior,
derived in the strong-coupling limit g ≫ 1, has in fact
a larger validity range than could be expected. Disor-
der in the inter-grain coupling strength may be a rea-
son for this observation. As a consequence of the large
degree of control immanent to the FEBID process em-
ployed in sample preparation, extension of these studies
to two-dimensional, as well as one-dimensional nanogran-
ular metals appear feasible [23, 24]. Moreover, the contin-
uous tunability of the inter-grain coupling strength will
allow future investigations in the immediate neighbor-
hood of the insulator-to-metal transition. It will also al-
low for establishing a phase diagram of the charge carrier
dynamics [11] for the Pt-C system.
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